Orographic features affect the atmospheric circulation not only locally but also globally. In this paper, the latter is quantified in terms of the global relative angular momentum in a series of numerical experiments using the Portable University Model of the Atmosphere (PUMA). Two effects of an orographic barrier on the atmospheric relative angular momentum are identified. On the one hand, an orographic barrier acts to break the zonal symmetry of the circulation. Because of the symmetry breaking, the energy inputed is stored not only in the time-mean part, but also in the time-varying part of the zonal flow, leading to a reduction in the mean and an enhancement in the variance of the relative angular momentum. On the other hand, orographic features lead also to changes in the eddy momentum fluxes, which are necessary to balance the mountain torque. These eddy fluxes induce an increase of global relative angular momentum through a strengthening and an equatorward shift of the zonal flow. The second effect prevents a further decrease in the global relative angular momentum with an increase in the height of the barrier.
Introduction
The general circulation of the atmosphere, characterized by strong zonal flows (super rotation) and eddies embedded in them, is forced by the differential heating between poles and equator and affected by external factors such as the rotation rate of the earth and boundary conditions including the orography. To understand how the main features of the general circulation come about, the responses of the general circulation to changes in the main forcing factors have been studied by varying the strength of the forcing factors. For instance, the effect of the earth's rotation rate on the general circulation is studied by varying the earth's rotation rate in a numerical model (HIDE, 1977; HUNT, 1979a HUNT, , 1979b ; DEL GE- NIO and SUOZZO, 1987; NAVARRA and BOCCALETTI, 2002) . The effect of the differential heating was first studied using the laboratory experiments by FULTZ et al. (1959) and has been reexamined using an atmospheric GCM by STENZEL and VON STORCH (2004) . Different circulation regimes, characterized by different values of the axial component of the global relative angular momentum, are found when varying the strength of the differential forcing. These regimes resemble those obtained by varying the earth's rotation rate, although the reasons for the circulation changes are different.
One question, which belongs to the class of problems considered by the previous studies, is what is the effect of the orography on the general circulation. Different to the differential heating and the earth's rotation rate, whose influence is expected to be global, orography is often considered as a local forcing factor. For instance, a recent study (SCHNEIDER, 2000) using the same atmospheric model considered here deals with the effect of the orography on the interactions between two idealized stormtracks, whereby leaving the impact of the orography on the general circulation characterized by global indices, such as the global atmospheric angular momentum (AAM), unconsidered. The most prominent study concerning the effect of topography may be the work by CHARNEY and DEVORE (1979) who considered the non-linear interactions with topography as a cause for the emergence of multiple flow equilibria associated with blocking. Despite of conceptual value of their work, the model they have used is too simple to deal with the effect of orography on the global features of the general circulation.
This paper aims to understand the impact of a meridionally oriented barrier on the global circulation characterized by the axial component of the relative AAM, M r . M r is defined by
where V dV indicates the global volume integral, u is the zonal velocity, a is the earth's radius and ρ is the density of air. In the absence of extraterrestrial influence, the balance equation of the vertically integrated and zonally and temporally averaged absolute angular momentum reads, in the sigma coordinates,
where m a = (Ωa cos ϕ +u)a cos ϕ is the absolute angular momentum per unit mass, and
(1.3) is the meridional flux of absolute angular momentum. F λ is the zonal component of the divergence of the stress tensor, h the elevation of the earth's surface, p s surface pressure and v the meridional velocity. Following the notation of PEIXOTO and OORT (1992) , the zonal average of a variable x is denoted by [x] , the time mean by x, the deviations from x by x . Eq. (1.1) states that under the stationary condition, the vertically integrated divergence of the angular momentum flux F (ϕ) (term A) must balance the zonally averaged friction (term B) and mountain torques (term C). Eq. (1.1) will be used to analyze the changes in the angular momentum budget induced by orographic features.
It will be shown that an orographic barrier not only produces large disturbances in the immediate neighborhood of the barrier, it also changes the global relative AAM in a non-linear manner. Section 2 describes the experiments performed to isolate these effects. The results of the experiments are analyzed in the light of angular momentum budget in section 3. A summary is given in the final section. 
PUMA experiments
The effect of a meridionally oriented orographic barrier is studied using the Portable University Model of the Atmosphere (PUMA) developed at the university of Hamburg (FRAEDRICH et al., 1998) . The hydrodynamics of the model are essentially identical to the ECHAM model (ROECKNER et al., 1996) , but the diabatic and dissipation processes are described by much simpler parametrisations than those in the ECHAM model. The processes in the boundary layer are parametrized by Rayleigh friction in the equations of vorticity and divergence in the lowest model layer. The diabatic processes are parametrized by a relaxation toward a prescribed radiative equilibrium temperature field. A standard version of PUMA uses a radiative equilibrium temperature field which corresponds to the equinox condition and has an equator-pole difference of 60 K. Such a version, implemented at the T21 resolution using 5 vertical layers without orography, will be used to obtain a reference run. As shown by FRAEDRICH et al. (1998) , the atmosphere simulated by this version of PUMA captures realistic features of the synoptic eddies.
To study the effect of orography on the global circulation, a meridionally oriented orographic barrier is built into the model. The structure of the barrier is given by
which was used by SCHNEIDER (2000) . ϕ and λ denote the latitude and longitude. z(ϕ, λ ) has a twodimensional Gaussian distribution with the maximum being located at (ϕ 0 , λ 0 ) = (45 • N, 180 • ) and the exponential decay rate being (b, c) = (11.5 • , 28.125 • ). With these constants one obtains an orographic barrier whose latitudinal extent is larger than the longitudinal extent (see contour lines in Fig. 2 ). The height of the barrier, Z, is set to 1500 meter in the first and 3000 meter in the second experiment. The two experiments are hereafter referred to ORO1500 and ORO3000, respectively.
For the comparison, a third experiment (experiment REALORO) using realistic topography is carried out. The topography is obtained by interpolating the Terrain Base 1 data onto the model grid with the T21 resolution and five vertical layers. As a result of the interpolation, the topography used is flatter than that in the real world.
The standard version of PUMA without orography and the PUMA with orography given in Eq. (2.1) with two different heights and with the realistic orography are integrated each for 10 years. These four runs will be analyzed in the next section.
The effect of orography on the global relative AAM a) The primary effect
When introducing orography into the system, two changes in the global relative AAM are found. The first one concerns the mean value of M r . Fig. 1 0.17 ms, which is about 20% of the observed change induced by the annual cycle. The atmosphere rotates slower with orography than without orography. A consideration of the time-averaged zonal wind at 300 hPa shows that the smaller values of M r results from the breaking of zonal symmetry, rather than an overall decrease in zonal winds. When differences in the zonal velocity between experiments and the reference run are calculated (Fig. 2) , one finds that the largest wind maxima are located downstream of the orographic features. The strict zonal symmetry of the zonal wind in the reference run (not shown) disappears in the experiments.
The second change concerns the variability. Relative to the reference run, M r in the experiments with orography has a much larger variance (Tab. 1). The variance of M r is proportional to the mean kinetic energy of the time-varying part of the zonal flow. Thus, an increase in variance suggests an enhancement of the kinetic energy in the time-varying part of the zonal flow. In the presence of orography, the energy inputed into the PUMAatmosphere is not only stored in the time-mean zonal flow, but also in the time-varying zonal flow.
Although the present paper concentrates on the relative angular momentum, the omega angular momentum (the part of the absolute angular momentum that is related to the atmospheric mass) is also considered for the sake of completeness. The omega angular momentum is strongly reduced in the presence of orographic features (Fig. 3) . The reduction in experiment ORO3000 is stronger than that in experiment ORO1500. The largest reduction is found when the realistic topography is implemented. Fig. 4 shows the difference in the mean sea level pressure between experiment ORO1500 and the reference run (top) and between ORO3000 and the reference run (bottom). The most striking feature is the increase of pressure at the northern high latitudes and the decrease of pressure in the tropics and the subtropics, indicating a polward shift of mass. It is this shift of mass that leads to the decrease of the omega angular momentum. Despite of its large impact on the absolute value of the angular momentum, the polward mass shift is not directly responsible for the changes in the relative angular momentum shown in Fig. 1 and will therefore not be considered further. As will be discussed in section 3b, only the stripes of positive and negative pressure anomalies at midlatitudes between 30-60 o N are dynamically relevant for the change in the relative angular momentum.
To conclude, the primary effect of orography on the relative angular momentum is the symmetry breaking. Associated with this symmetry breaking is a decrease in the mean of M r accompanied by an increase in the variance of M r .
b) The effect involving the eddy-mean-flow interaction
If the symmetry breaking is the only effect induced by an orographic barrier, one would expect that the higher the orographic barrier, the larger is the reduction in the mean of M r . This is however not the case. According to Tab. 1 the mean value of M r in ORO3000 is larger, rather than smaller than that in ORO1500.
To understand why a higher orographic barrier leads to an increase rather than a decrease of M r , the balance of the vertically integrated and zonally averaged angular momentum in the experiments and the reference run is analyzed. The contribution of the meridional mass transport [p s v] to the angular momentum flux F (ϕ) in Eq. (1.3) vanishes if there is no accumulation of mass at latitude ϕ over time. This condition is hard to meet by a GCM. It is not exactly fulfilled in the PUMA model (STENZEL, 2004) nor in many other atmospheric GCMs (KEITH, 1995) . Nonetheless, there is, at least in the PUMA model, no accumulation of the error in the mass imbalance over time (STENZEL, 2004) . This suggests that one may leave out the contribution of mass Consider first the change in the angular momentum balance induced by a low barrier by comparing the angular momentum balances obtained from the reference run and experiment ORO1500. In the reference run with no orography, the term C in Eq. (1.1) is zero. The vertically integrated divergence of F (term A) balances the friction torque (term B). The maximum of the vertical integral of the divergence of F is located at about 50 • . In experiment ORO1500, the orographic barrier centered at 45 • induces a negative mountain torque with the maximum at essentially the same latitude as the barrier. This torque is balanced by a change in the meridional gradient of vertically integrated and zonally averaged angular momentum flux F . The result is an equatorward shift of the center of the maximum divergence of F from 50 • N in the reference run (black curve in Fig. 5a ) to about 46 • N in experiment ORO1500 (black curve in Fig. 5b) .
According to Eq. (1.3), F contains contributions from the time-mean flow, u p s v, and the transients, u (p s v) . A further examination of eddy fields in the reference run and experiment ORO1500 suggests that the contribution from transients dominates the change in the divergence of F . Fig. 6a shows the standard deviation of the 500-hPa geopotential height in experiment ORO1500 relative to that in the reference run. The dipole with large negative values north of the large positive values at about 45 • N suggests that the synoptic variability is shifted southward and enhanced at about 45 • N in experiment ORO1500 relative to that in the reference run. It is this change in eddy activities which leads to a change in the divergence of eddy momentum flux and from that to the change in the divergence of vertical integrated and zonally averaged angular momentum flux shown in Fig. 5b .
The divergence of the eddy momentum flux in turn acts as a forcing for the zonal-mean flow (see e.g. KAROLY, 1990; HARTMANN and LO, 1998) . This forcing changes the zonal-mean zonal flow in two ways. First, the zonal-mean zonal winds are strengthened at the center of the divergence of F . These winds are geostrophically balanced by the pressure anomalies at midlatitudes shown in Fig. 4a . The positive anomalies near 60 • N and the negative ones at about 40 • N produces the required pressure gradient. Secondly the location of the zonal-mean zonal wind is shifted equatorward, relative to its position in the reference run, implying an increase in the distance of the zonal flow to the rotation axis. Both changes lead to an increase in M r . In other words, the change in the transients induced by the orographic barrier acts to increase the global relative AAM.
The above described changes in the global relative AAM in experiment ORO1500 is further enhanced in experiment ORO3000 with a higher orographic barrier. Compared with experiment ORO1500, the mountain torque is enhanced and has its maximum further equatorward (blue line in Fig. 5c ). This change in mountain torque is related to a trough downstream of the orographic barrier (Fig. 4) which is not only much more pronounced but also extends further equatorward relative to that in experiment ORO1500. The resulting mountain torque is balanced by a divergence of F (black curve in Fig. 5c ) whose maximum is located further equatorward relative to that in experiment ORO1500. The divergence of F induces an eddy forcing that enhances zonal-mean zonal wind and shifts the zonal wind further equatorward and hence further away from the rotation axis relative to that in experiment ORO1500. The result is an even stronger increase in M r in ORO3000 than in ORO1500. The angular momentum balance in experiment RE-ALORO is also shown to illustrate that the PUMA implemented with a realistic orography is able to produce a mountain torque resemble that derived from the observation (PEIXOTO and OORT 1992) . Consistent with the torque shown by PEIXOTO and OORT, the mountain torque in the bottom panel in Fig. 5 shows positive values in the tropics and subtropics and negative ones at mid-latitudes, in particular in the Northern Hemisphere.
Conclusions
The effect of an orographic barrier on the global circulation is quantified by the axial component of the global relative angular momentum, M r . The primary effect is a breaking of zonal symmetry by the orographic barrier. Such a breaking allows more energy to be stored in the time-varying part of the zonal flow and leads therefore to a circulation which is characterized by a smaller mean value of M r relative to the case without orographic features.
In addition to the breaking of zonal symmetry, there is a second effect which leads to an increase in the mean value of M r . An orographic barrier induces generally a non-zero mountain torque. This torque is essentially balanced by a change in the divergence of the angular momentum flux. Associated with such a change is an eddy forcing that enhances the zonal-mean zonal winds and shifts the zonal-mean zonal winds equatorward and hence further far away from the rotation axis. As a result, one finds an increase in the mean value of M r .
The effect associated with the eddy-mean-flow interaction is further strengthened when the height of the orographic barrier is increased. Thus, when the zonal symmetric flow is perturbed by an orographic barrier of different height in experiments ORO1500 and ORO3000, one finds generally a decrease in the mean value of M r due the symmetry breaking effect. However, as the effect associated with the eddy-mean-flow interaction is stronger in the presence of a higher orographic barrier, the decrease in the mean of M r is smaller in experiment ORO3000 than in experiment ORO1500.
Apart from the effects on the relative AAM, orographic barriers produces also a polward shift of mass, leading a striking decrease of omega angular momentum. This feature is not directly responsible for the changes in the relative angular momentum. Further investigations are required to clarify whether or not the mass shift is a specific feature of the PUMA model, and if not, what is the physical mechanism responsible for the shift.
